Huntington's disease (HD) is a genetic neurodegenerative disorder. Since identification of the disease-causing gene in 1993, a number of genetically modified animal models of HD have been generated. The first transgenic mouse models, R6/1 and R6/2 lines, were established 8 years ago. The R6/2 mice have been the best characterized and the most widely used model to study pathogenesis of HD and therapeutic interventions. In the present review, we especially focus on the characteristics of R6 transgenic mouse models and, in greater detail, describe the different therapeutic strategies that have been tested in these mice. We also, at the end, critically assess the relevance of the HD mouse models compared with the human disease and discuss how they can be best used in the future.
INTRODUCTION
Huntington's disease (HD) is a genetic neurodegenerative disorder in which the mutation has been known for over a decade, but there is still not effective treatment. In 1996, the first transgenic mouse models of HD, named the R6/1 and R6/2 lines, were developed. 1 These models have been followed by many new HD transgenic lines of mice that differ regarding the type of mutation expressed, portion of the protein included in the transgene, promoter employed and level of expression of the mutant protein. 2 Despite the wealth of different transgenic HD mice available, the R6/1 and R6/2 lines have remained the most used models when testing novel therapies for HD.
The purpose of this review is to briefly describe the pathology of HD, the characteristics of the R6 transgenic mouse models and, in greater detail, the different therapeutic strategies that have been tested in these mice. In addition, we critically assess the relevance of these HD mouse models to the human disease and discuss how they can be best used in the future.
WHAT IS HUNTINGTONS DISEASE?
HD is an autosomal dominant disorder with a prevalence of around 1 in 10000, involving motor, cognitive, and psychiatric symptoms. The typical features include hyperkinetic involuntary movements, progressive dementia and personality changes that may include aggressiveness and paranoid psychosis. The HD gene codes for a protein named huntingtin, which has multiple functions that are still not fully understood. The gene is located on the short arm of chromosome 4 and when mutated it exhibits an expansion in the number of CAG trinucleotide repeats in the exon 1 of the gene. 3 Normal individuals have 35 or fewer CAG repeats in this locus and HD gene carriers contain 36 or more CAG repeats. 4 The expanded CAG repeat gives rise to an abnormally long polyglutamine stretch in the mutant huntingtin. This, as is discussed in greater detail below, causes the protein to misfold and to acquire toxic properties. The age of onset of symptoms is inversely related to the number of CAG repeats. Thus, individuals with around 40 -55 CAG repeats typically develop symptoms around 35-45 years of age, whereas when the repeat expansion is in excess of 70 or more the onset of disease can be juvenile. 4 Typically, patients live 15-20 years from the onset of the first clear symptoms, and then die of complications due to immobilization such as aspiration pneumonia, urinary tract infections or sequel to pressure sores. In classical descriptions, the neuropathology in HD is focused on the basal ganglia and neocortex. The most marked neuronal loss occurs in the caudate nucleus and putamen, as well as layers III, IV, and VI in the cerebral cortex. 4 A few studies have also described that the hypothalamus is afflicted with clear neuronal loss occurring in the lateral tuberal nucleus. 5, 6 Aside from causing cell death, misfolded huntingtin also accumulates in the cytoplasm and nucleus leading to the formation of aggregates. These inclusions also contain several other proteins including components of the ubiquitin-proteasome pathway, chaperones, synaptic proteins, and transcription factors. 7, 8 In patients who have had an adult onset of HD symptoms, around 3-6% of cortical neurons exhibit inclusions when examining the brains after death. Although this is a relatively small proportion of the cells, it should be pointed out that over 50% of the striatal neurons and around 20% of the cortical neurons have already died by that time, and those displaying inclusions at the time when the patient passes away could simply be a population of cells that are about to die. It has also been suggested that the cells exhibiting protein aggregates have actively evaded death by sequestering the mutant protein and that this is the reason that they remain alive. 9 Therefore, the idea that inclusions are protective against the toxic effects of expanded polyglutamine proteins has emerged. 9, 10 However, even in case the protein aggregates allow the cells to survive longer, it is not clear to what extent they lead to disturbed cell function. Regardless of the ultimate effect of the protein inclusions, they are probably an important marker of the disease process in HD patients. Taken together, it is clear that two features of the human disease would be valuable to mimic in mouse models of HD, namely neuronal death in selected brain regions and the formation of intranuclear and cytoplasmic aggregates containing the mutant protein with an extended polyglutamine stretch.
MOUSE MODELS OF HD
The R6/1 and R6/2 transgenic mice were the first transgenic mouse models developed to study HD. They both express exon 1 of the human HD gene with around 115 and 150 CAG repeats, respectively. 1 The transgene expression in those mice is driven by the human huntingtin promoter. The resulting levels of transgene expression are around 31% and 75% of the endogenous huntingtin in the R6/1 and R6/2 models, respectively. After the generation of the R6/1 and R6/2 mice, numerous other transgenic mouse models of HD have been developed. 2 They vary concerning several parameters making each of them unique and therefore making it difficult to compare studies conducted in different mouse models. One crucial variable that differs between models is the length of the CAG repeat that is expressed. In addition, another important difference is the size of the fragment, in most cases only a fragment of the whole huntingtin protein is expressed. The R6 mice only express exon 1 (out of a total of 67 exons in the whole gene) coding for only about 3% of the N-terminal region of the protein, which includes the polyglutamine stretch. 1 In contrast, other models express larger portions of huntingtin, up to the full-length protein in some cases. 11 The promoter driving the transgene expression is also an important factor influencing the expression level of mutant protein and thereby the development of pathology. Some of the mice are knock-in models of HD, 2 which means that the CAG repeat is expressed in the mouse homolog of huntingtin and that the expression of mutant huntingtin is controlled by the endogenous mouse promoter. Naturally, the background strain onto which the transgenic mice are bred is also of vital importance because there are many modifier genes that can influence the HD gene and these are likely to differ between mouse strains. 2 Out of all the existing mouse models of HD, the R6/2 mouse is one that develops symptoms the most rapidly and has the most widespread occurrence of huntingtin inclusions in the brain. There are several reviews devoted to descriptions and comparisons of the different transgenic mouse models of HD, 2,12,13 and we will not go deeper into the subject here. Instead, we have chosen to focus our attention on the R6 lines of mice because they are not only the first to have been developed, but they are the most widely used in therapeutic trials and have already been described in over 120 original publications.
BEHAVIORAL CHANGES IN R6 MICE
The R6/1 and R6/2 mice display an array of behavioral and regulatory changes that develop gradually. Many behavioral changes that occur in R6/2 mice seem to appear also in R6/1 mice, to the extent that they have also been examined in R6/1 mice, which is by far the lesser studied model of the two. However, their onset is generally delayed by several weeks in R6/1 mice, and there is a slower progression of the severity of the symptoms. As will be described in more detail later, the level of environmental enrichment significantly influences the speed at which the behavioral phenotype evolves in R6/2 mice. Moreover, it appears that there are some differences in phenotype of R6 mice between colonies raised in different laboratories, possibly due to genetic drift, dietary factors, and/or housing conditions. 12 Therefore, it can be difficult to generalize regarding the age at which certain types of symptoms develop. Nevertheless, the majority of studies have been conducted in mice raised under standard laboratory conditions and therefore some comparisons of the ages of onset of different symptoms are valid. In R6/2 mice, the initial signs of motor symp-toms commence around 3 weeks of age. The mice display locomotor hyperactivity at this stage.
14 Shortly thereafter, they exhibit the first signs of impairments of learning and memory in the Morris water maze test, which gradually becomes worse up to the age of 7 weeks when it is no longer possible to test them in this cognitive task due to severe motor deficits. 14 -16 Whereas R6/2 mice are initially hyperactive, they gradually reduce their motor activity and become hypoactive around 8 weeks of age. 14, 17 The mice begin to show an abnormal paw clasping response around the same time. When suspended by the tail, normal mice spread their four limbs, whereas R6 mice clasp their hind-and forelimbs tightly against their thorax and abdomen. The pathophysiology of this abnormal response is not fully understood. Nevertheless, the paw clasping test is often used in studies examining novel treatments, in part due to it being easy and fast to perform. Around the same age, R6/2 mice also begin to display other gradual changes in motor function such as stereotypical hindlimb grooming, changes in gait patterns and the emergence of some involuntary movements. As a result, their motor coordination progressively deteriorates, which can be detected as a reduction in the time they can stay on a rotating rod, the so-called Rotarod. Typically, R6/2 mice are severely impaired by 8 -12 weeks of age. 14, 17 In R6/1 mice a marked decline in Rotarod performance develops much later (around 13-20 weeks), and interestingly the degree of motor impairment seems to correlate with the numbers of striatal neurons exhibiting intranuclear inclusions of mutant huntingtin. 18 The R6/2 mice in most colonies die at around 13-16 weeks of age, although some laboratories report that their R6/2 mice can live several weeks longer. There is less information on the expected life span of R6/1 mice, but they can definitely live for more than 1 year. Unfortunately, there is no comprehensive study describing the most common causes of death of R6/2 mice. Despite the lack of detailed information on causes of death, it is not uncommon for therapeutic studies to use prolongation of life as one of the main positive indicators of therapeutic efficacy in R6/2 mice. What could be the main causes of death in R6/2 mice? They clearly do not gain weight in a normal manner and there is muscle atrophy when they are around 8 weeks of age. 19 Part of the problem may be due to the fact that the mice experience difficulties eating regular lab chow, and this can be circumvented by giving them soft, palatable food in the bottom of the cages. Several studies have shown that a significant proportion of R6/2 mice gradually develop diabetes. 14, 20 Initially they can produce insulin and only display impaired glucose tolerance. Gradually the insulin production fails and eventually they are hyperglycemic even after fasting.
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R6/2 mice are prone to seizures that can be triggered by handling or unexpected noises. 1 It has been reported that the mice can die as a result of status epilepticus, 1 but it is not clear how common this is a cause of death and the underlying mechanism (either related to CNS pathology or electrolyte disturbances) is not understood.
BRAIN PATHOLOGY IN R6 MICE
Although there is a relative lack of understanding of the mechanisms behind the different behavioral features of the R6 mice, there is a wealth of information on how their brains undergo gradual pathological changes. Although most studies of novel therapies tend to focus on restoring brain size and inhibiting the formation of protein inclusions, in this section we will also briefly describe several of the other changes that occur. In an early characterization, it was reported that the brains of 12-week-old R6/2 mice weigh around 20% less than brains from wild-type controls. 22 Similarly, the volume of the striatum is reduced by 17% in 18-week-old R6/1 mice. 23 An intriguing feature of this marked reduction in brain volume is that until very recently there was very little cell death documented in the brains of R6 mice. In the cortex and striatum, a very small number of neurons undergo "dark cell degeneration," 24, 25 a morphological description of cell death that is believed to represent neither classical apoptosis nor necrosis. Recently, we reported that there is a progressive and dramatic loss of orexin-containing neurons in the lateral hypothalamus of R6/2 mice. 26 More recently, we also found that there is a reduction in the number of neurons expressing gonadotropin-releasing hormone in the hypothalamus and that this can cause the gonadal atrophy and infertility that develops in adult R6/2 mice (Papalexi, E., A. Persson, M. Bjorkqvist, A. Petersen, B. Woodman, G. Bates, F. Sundler, H. Mulder, P. Brundin, and N. Popovic, manuscript submitted). Although these hypothalamic changes are functionally important in relation to changes in reproductive, sleeping, and feeding behaviors, as is discussed below, the number of hypothalamic neurons that die is very small, and their disappearance cannot underlie the whole loss in brain volume in R6/2 mice. Most probably the significant reduction in brain volume is the result of atrophy of individual neurons and massive decrease in neuropil. In the R6/2 striatum, the cell bodies of medium-sized spiny neurons have been described to shrink by around 20% in surface area and the size of their dendritic fields is also reduced. 28 Similar reductions in neuronal size have been reported in the striatum and substantia nigra of R6/1 mice. 23, 29 A great deal of attention has focused on the development of intranuclear inclusions, containing the mutant truncated huntingtin, in neurons of R6 mice. Oddly enough, glial cells do not appear to develop these protein inclusions. 22 In R6/2 mice aggregates/inclusions first appear in the striatum and the cortex around 3-4 weeks of age, 30 ,31 whereas they are not apparent in the R6/1 striatum until around 8 weeks of age. 18 The proportion of cells displaying inclusions varies between brain regions and increases gradually with age so that in some structures almost all neurons have inclusions at the terminal stage. For example, in the R6/2 striatum around 98% of the striatal projection neurons (calbindin positive) exhibit huntingtin inclusions at 15 weeks of age, whereas there are only few inclusions (1-2%) in certain neuronal types, such as somatostatin containing neurons. 31 Within the striatum, it appears that interneurons, in contrast to the efferent projection neurons, display fewer inclusions. 31, 32 The inclusions are ubiquitinated, and the 20S subunit of the proteasome is recruited into the aggregates in R6/1 mice. 33 Despite so few neurons actually dying in the brains of R6 mice, there is ample evidence that their brains do not function in a normal manner. For example, there are clear changes in gene expression in the striatum and cortex of R6/2 mice that have been documented as early as at 6 weeks and become more pronounced with age. 34 Numerous genes are altered and notably some striatal signaling genes induced by cAMP and retinoid are downregulated, whereas some genes associated with cell stress and inflammation (e.g., DNA repair enzymes) are upregulated. However, these changes do not appear to be specific for the brain regions that are classically affected in HD, but also occur in the cerebellum and in peripheral tissues such as muscle. 35 The concept that there is cell stress in the R6 striatum is supported by findings of increases in markers for oxidative damage to DNA, 36 transient increases in superoxide dismutase activity, 37 and reductions in mitochondrial function. 38 In addition, there is direct and indirect evidence for increased NOS activity, at least transiently, in the striatum of R6/1 and R6/2 mice. 38 -41 In a cell culture study, we found that striatal neurons from R6/2 mice formed autophagic vacuoles in response to an oxidative insult more readily than control cells, suggesting a change in fundamental mechanisms related to the cell stress response in the R6/2 brain. 42 There is also direct evidence for malfunction of the neuronal circuitry. In R6/2 mice, striatal neurons exhibit more depolarized resting potentials 43 and increased intracellular calcium levels 18 compared with wild-type controls, and there are changes in the firing patterns of corticostriatal fibers. 44 A number of studies have used the intracerebral microdialysis technique demonstrate changes in neurotransmitter release in the brains of R6 mice. Despite the fact that no changes in the capacity of the cells to synthesize and store neurotransmitters were reported, these studies pointed out possible alterations in the process of neurotransmitter release or reuptake. 29, [45] [46] [47] For example, there is a reduction in the extracellular levels of dopamine in the striatum, 29 and an increase in extracellular striatal glutamate levels following stimulation, 45, 47 at ages when the striatal tissue levels of these transmitters are normal. At later stages, the striatal tissue levels of dopamine are actually reduced in R6/2 mice. 48 Taken together, the complex changes in neurotransmission observed in R6 mice are difficult to explain by a single pathophysiological change. Most probably there are changes at multiple levels in neurons and glia. Thus, at specific stages of the disease progression in R6/1 and R6/2 mice, there is evidence for reduced capacity to synthesize neurotransmitters such as dopamine and serotonin; 49 -51 changes in the levels of synaptic proteins; [52] [53] [54] [55] [56] alterations in a glial transport system that normally removes glutamate released from synapses. 46 Moreover, a strong body of evidence has highlighted changes in the postsynaptic elements involved in neurotransmission. In R6 mice, there is a progressive reduction in dopamine receptors and their downstream signaling partners, [57] [58] [59] and there is also evidence for changes in the different subtypes of glutamate receptors. 60 An odd feature of the R6 mice is that they are partially resistant to neuronal damage following experimental lesions. For example, they display reduced susceptibility to neuronal death after intrastriatal injections of quinolinic acid; 23 NMDA 18 dopamine, 61 6-hydroxydopamine 61 and the mitochondrial inhibitor malonate. 29, 62 There is also reduced brain damage after a period of global cerebral ischemia 63 as well as systemic injections of kainic acid 64 and the mitochondrial toxin 3-nitropropionic acid. 65 Despite concerted efforts, it has not been possible to explain what underlies the neuroprotection at the cellular level. It appears unlikely that it is directly due to changes in e.g., NMDA receptor function, because striatal neurons in R6/2 slices allow entry of calcium when stimulated with an agonist such as quinolinic acid, but still do not die. The R6 mice exhibit functional changes in cortical inputs to the striatum that possibly also could contribute to the reduced sensitivity to neurotoxins. 43 The development of resistance to toxin-induced damage is age-dependent and more rapid in R6/2 than in R6/1 mice, and it appears to correlate with the appearance of nuclear inclusions. 18 Therefore, it may well be the result of a cellular mechanism that is central to the pathology of the R6 mice.
WHY HAVE THE R6 MICE BECOME POPULAR MODELS AND WHAT DISEASE MECHANISMS CAN BE STUDIED IN THEM?
The R6 mice were not only the first to be made available in the literature, but they were also rapidly placed into a commercial breeding facility where they could be accessed by most scientists. This undoubtedly promoted their use in studies of novel therapies. Moreover, the rapid disease progression in R6/2 mice, in terms of development of behavioral changes, brain pathology and age of death, make them relatively easy and inexpensive to use. They clearly present the scientists with multiple outcome parameters to study, although the scientific community is still not certain about their relevance for the mechanisms underlying the disease in humans. There are several theories about what disease mechanisms are important in HD. 2,66 -68 Briefly, it can be summarized that the majority of changes occurring in the brains of HD patients cause transcriptional dysregulation and/or alterations in protein folding and handling. These triggers have in turn led to cellular perturbations resulting in one or more of the following events: protein aggregate formation, 69 mitochondrial dysfunction and excitotoxicity, 70 synaptic dysfunction, 66 and cell degeneration or death through caspase activation (leading ultimately to apoptosis) and autophagy. 67 It can be argued that several, if not all, of these disease mechanisms are modeled in the R6 mice, albeit not perfectly. Because the R6 mice only express the N-terminal (exon 1) portion of huntingtin, a potentially crucial aspect of HD that is not modeled in these mice is the proteolytic cleavage of huntingtin. In the following sections, we describe the results from different experimental therapeutic trials in R6 mice. To facilitate an understanding of the usefulness of the R6 mice in this context, we have chosen to group the experimental treatment studies according to the fundamental disease mechanisms that they are believed to target (Table 1). Finally, we describe studies in which the treatment is restorative in nature, i.e., there is no attempt to inhibit the disease process directly, but instead the rationale is to replace lost functions by reparative strategies.
ACT ON PROTEIN MISFOLDING/ AGGREGATES TO PROTEASOME-CHAPERONE SYSTEMS
Chaperones, such as heat shock proteins (HSP), normally assist in folding proteins into appropriate conformations and are also capable of refolding already abnormally folded proteins. In cases when refolding fails, the misfolded protein can undergo ubiquitination. Polyubiquitination targets misfolded proteins to the proteasome where they are degraded. 69 It has been suggested that mutant huntingtin, with an expanded polyglutamine stretch that causes misfolding, can saturate the chaperone response. In addition, it has been speculated that mutant huntingtin can impair the ubiquitin-proteasome system by saturating it either by providing excessive substrate or by directly inhibiting the proteasome. 69, [71] [72] [73] [74] Recently, it was shown that the levels of Hdj1, HSP70,␣SGT, and ␤SGT (small glutamine-rich tetratricopeptide repeat containing proteins) undergo a progressive decrease in the brains of R6/2 mice. By 14 weeks of age, they are reduced to around 40% of normal levels and this is considered to be due to recruitment of the chaperones into the huntingtin-positive inclusions. 75 Recently, we attempted to enhance chaperone activity and prevent disease progression, by crossing the R6/2 mice with mice overexpressing HSP70. The double-transgenic mice displayed a slight delay in the loss of body weight compared to regular R6/2 mice, but the HSP70 overexpression had no effect on the size of striatal neurons, the number of nuclear inclusions, and the loss of brain weight. It did not improve motor function. 76 Nevertheless, radicicol, a fungal antibiotic, and geldanamycn, a benzoquinone ansamycin, known to bind to HSP90 and to induce expression of HSP40 and HSP70 chaperones, have both been found to increase HSP response in culture models of HD and inhibit huntingtin aggregation. 75, 77 However, these drugs have not yet been tested in R6 mice.
DRUGS TARGETING AGGREGATES AND AGGREGATE FORMATION
As mentioned earlier, one hallmark of HD is the presence of protein aggregates and R6 transgenic mice develop intraneuronal inclusions throughout the brain. 18, 22, 30, 31 Several small molecules have been tested to inhibit aggregates/aggregate formation. In vitro studies have shown that Congo red can reduce aggregation of mutant huntingtin. 78, 79 Importantly, Congo red has been reported to improve motor function, to reduce weight loss and to increase life span in R6/2 transgenic mice. 80 The same study reported that Congo red treatment inhibited polyglutamine oligomerization, prevented ATP depletion and caspase activation, preserved normal cellular protein synthesis and degradation in cells expressing mutant huntingtin. An intriguing feature of this study is that it suggested that Congo red could disrupt preformed polyglutamine aggregates. 80 Thus, Congo red administration of the R6/2 mice was initiated when the mice were 63 days old and already had developed intranuclear inclusions. When the treatment was terminated 2 weeks later, there were no huntingtin inclusions present in their brain. These unique data could be taken to suggest that the inclusions in R6/2 mice are really dynamic structures that can be efficiently degraded by the cells if there are no more huntingtin oligomers added. This concept of dynamicity of inclusions is supported by findings in a conditional transgenic model of HD where the transgene can be turned off by administration of tetracycline. When the expression of mutant huntingtin was turned on, neuronal inclusions formed in the cortex and the striatum. However, when expression of mutant huntingtin was turned off in mice that had already developed inclusions, the protein aggregates disappeared. This strongly suggests that continuous production of mutant huntingtin is required to maintain inclusion and that otherwise they are subjected to proteolytic breakdown. 81 Regarding the remarkable results obtained with Congo Red in R6/ n.e. ϭ not evaluated; i.c.v. ϭ intracerebroventricular; i.p. ϭ intraperitoneal; s.c. ϭ subcutaneous; SAHA ϭ suberoylanilide hydroxamic acid; MPEP ϭ 2-methyl-6-(phenylethynyl)-pyridine; zVAD-fmk ϭ Val-Ala-Asp-fluoromethyl ketone; YVAD-cmk ϭ Tyr-Val-Ala-Asp-chloromethylketone; DEVD-fmk-Asp-Glu-Val-Asp-aldehyde-fmk; TUDCA ϭ tauroursodeoxycholic acid; GDNF ϭ glial derived neurotrophic factor; asialoEPO ϭ asialoerythropoietin; HSP70 ϭ heat shock protein 70;
LGE ϭ lateral ganglionic eminence; E13 ϭ embryonic day 13.
mice, 80 there is debate concerning their interpretation. Surprisingly, the effects of systemic Congo red treatment were similar to those obtained when the drug was administered into the cerebral ventricles, despite prior claims by others that Congo red does not pass the blood brain barrier efficiently. An alternative interpretation of these data are that systemically administered Congo red did affect huntingtin aggregation in peripheral tissues, suggesting that targeting huntingtin aggregation in peripheral tissues could be important for the motor function and life span of R6/2 mice.
Benzothiazoles derivatives, including riluzole, which is a glutamate release inhibitor, have neuroprotective effects and inhibit aggregate formation in vitro. 82 Riluzole orally administered to 3-week-old R6/2 mice improved survival by 10%, and delayed weight loss by 17%. There was no clear difference in frequency and size of aggregates in cortical neurons between riluzoletreated and transgenic controls. In contrast, the number and the size of intranuclear aggregates were decreased in the striatum of riluzole-treated mice. Furthermore, during the hyperactive phase (4 -6 weeks of age) of R6/2 mice, riluzole significantly attenuated the spontaneous locomotor activity. However, there was no significant improvement in motor coordination in the Rotarod test. 83 A recent study demonstrated that various disaccharides could inhibit polyglutamine aggregate formation. The most effective disaccharide, trehalose, when administered orally via drinking water to 3-week-old R6/2 mice, substantially reduced aggregate formation in different brain regions and even in cells in the periphery, such as the liver. Animals treated with trehalose exhibited improved motor function, less brain atrophy, and prolonged life span by 11%. 84 Trehalose is normally present in cells and metabolized to glucose. The mechanisms underlying neuroprotective effects of trehalose are still not clear. It has been suggested that trehalose may bind directly to the expanded polyglutamine and inhibit aggregation. In addition, trehalose may stabilize the protein so it does not undergo proteolysis by caspases and thereby trehalose may prevent the translocation of truncated huntingtin to the nucleus. However, this particular mechanism is less relevant in the R6/2 model where only exon 1 of huntingtin is expressed.
TREATMENTS TARGETING GENE TRANSCRIPTION
Huntingtin is normally distributed in the cytoplasm as well as in the nucleus. 85, 86 As mentioned earlier, mutant huntingtin can be proteolytically cleaved and is targeted into the nucleus to some degree. In the R6 mouse models of HD, the intranuclear localization of the mutant protein is an early and prominent event and therefore interference with gene transcription could be a particularly prominent feature in these mouse models. Indeed, they display widespread and progressive transcriptional changes in both brain and peripheral tissues, as evidenced by microarray studies. 34 Mutant huntingtin is thought to specifically interact with various transcriptional activators and coactivators, including the cAMP response element binding protein and the specificity protein 1 68 and disruption of transcriptional pathways could occur through interactions between mutant huntingtin and those nuclear proteins. 87 The acetylation and deacetylation of histones in nucleosomes are also important in regulation of gene expression, evidence has suggested that these processes may be altered in HD. The levels of acetylated histones H3 and H4 are decreased in animal models of HD and these changes have also been suggested to be central to polyglutamine protein pathology. Inhibitors of histone deacetylase (HDAC) can reverse the reduction in acetylated histones in a Drosophila model of HD and thereby reduce cell death. 88 HDAC inhibitors have also been tested in trials in R6/2 mice. Suberoylanilide hydroxamic acid (SAHA), a selective inhibitor of histone deacetylase, increased histone acetylation and ameliorated motor deficits when given systemically to R6/2 mice in a special formula designed to cross the blood brain barrier. 89 However, this study did not show that histone acetylation was reduced in the brains of the R6/2 mice under baseline conditions, so the primary target of the SAHA treatment may not have been brain cells in this particular model. Also, the effects of the SAHA treatment were not dramatic, and only evident as a minor improvement, albeit significant with the statistical tests employed, in Rotarod performance and muscle grip strength. In another study, sodium butyrate, another HDAC inhibitor, improved survival of R6/2 mice and mitigated body weight loss and decreased atrophy of the striatum in a dose-dependent manner. 90 Mithramycin, a clinically approved guanosine-cytosine-rich DNA binding antitumor antibiotic used for the treatment of hypercalcemia and several types of cancers. Systemic treatment of R6/2 transgenic mice with mithramycin extended survival of the mice by almost 30% with improved motor performance in the Rotarod test and indications of reduced neuropathological changes. At 3 weeks of age and following about 9 weeks of treatment, the reduction of brain weight loss significantly mitigated from 21% in transgenic controls to around 3% in the mithramycin-treated R6/2 mice. In addition, mithramycin could prevent brain atrophy, neuronal size was clearly larger in treated mice than in the untreated transgenic controls (over 100% increase in cell body surface area). 91 The mechanism of action underlying the effects of mithramycin include increased methylation of lysine 9 in histone H3, a well-established mechanism of gene silencing. This prevented the increase in H3 hypermethylation observed in R6/2 mice, suggesting that the en-hanced survival and neuroprotection might be attributable to the alleviation of repressed gene expression vital to neuronal function and survival. 91 
TRANSGLUTAMINASE AS A THERAPEUTIC TARGET
Transglutaminase has been shown to selectively polymerize huntingtin 92 and promote the aggregation of huntingtin into nonamyloidogenic polymers. 93 Therefore, it has been suggested that transglutaminase plays a central role in aggregate formation in HD. The level of transglutaminase has been reported to be increased in the post-mortem human brains and transgenic mouse models of HD. [93] [94] [95] Therefore, transglutaminase is an interesting target for possible therapeutic intervention. In a recent study, R6/2 mice received systemic injections of cystamine, a transglutaminase inhibitor, for 7 days. This treatment reduced the transglutaminase level by 36%. Inhibition of transglutaminase activity was observed as early as 10 min after a single injection. The mice receiving cystamine exhibited less tremor, decreased abnormal movements and delayed onset of paw clasping by around 20 days. At the same time, body weight increased by 18 -41% between 10 and 14 weeks of age. In addition, cystamine treatment increased survival by 12%, but without affecting the frequency and distribution of nuclear inclusions in the brain. 95 In another study, systemic cystamine treatment of R6/2 mice extended life span (17-20%), improved motor function (by 27% as assessed by the Rotarod test), reduced aggregate formation (by 68% in striatum and 47% in neocortex) and attenuated brain atrophy. 96 The mechanism of action of cystamine is thought to involve inhibition of transglutaminase mediated cross-linking of mutant huntingtin and thereby prevention of aggregate formation. In addition, a recent study has shown that cystamine can also increase intracellular levels of antioxidant L-cysteine in the brain. 97 Because oxidative stress plays an important role in HD pathogenesis, increased levels of L-cysteine after administration of cystamine could be neuroprotective in HD. 97 Thus, cystamine could play a dual role by inhibiting transglutaminase and acting as an antioxidant.
PROTEASE INHIBITORS AS THERAPEUTIC AGENTS IN HD
Various proteases, such as caspases, 98, 99 calpains, 100 and aspartyl proteases 101 can cleave huntingtin, and thereby promote aggregate formation and increase cell toxicity. Elevated activities of those proteases have been observed in the brains of patients and transgenic mouse models of HD. 98,100 -102 Mutation of calpain cleavage sites renders the expanded polyglutamine huntingtin less susceptible to proteolysis and aggregation resulting in decreased cellular toxicity. 100 These findings support the idea that proteases play an important role in huntingtin proteolysis and toxicity, and open new windows for possible therapeutic strategies. In theory, protease inhibitors can reduce the accumulation of N-terminal fragments of mutant huntingtin and therefore, prevent or delay disease progression. As mentioned earlier, in relation to the R6 mice, the issue of huntingtin cleavage is less relevant, because these mice only express exon 1 of the gene. Thus, they only express a short N-terminal fragment of the protein that does not include, e.g., the caspase cleavage site that has been identified around amino acid 552. 103 Consequently, treatments with drugs that inhibit proteases cannot act primarily through inhibiting proteolytic cleavage of huntingtin itself in the R6 mice. Instead, in the R6 models protease inhibitors would target, e.g., caspase activation that could occur as a downstream consequence of the toxic effects of the N-terminal fragment of mutant huntingtin, which are not yet fully understood. A modified tetracycline antibiotic, minocycline, a caspase inhibitor with anti-inflammatory properties, was shown to inhibit huntingtin aggregate formation and prolong survival of R6/2 mice. 104, 105 Minocycline was initially shown to inhibit activity of nitric oxide synthetase and up-regulate caspase-1 and caspase-3 mRNA, when administered intraperitoneally in R6/2 mice from the age of 6 weeks. Although no effect on inclusion formation was observed, disease progression was delayed, survival time was extended by 14%, and motor function was improved in the Rotarod test. 104 Further analysis of the antiapoptotic properties of minocycline have suggested that it involves inhibition of caspases and mitochondrial cytochrome C and Smac/ Diablo release, as well as other caspase-independent mechanisms that are still not completely understood. 105 In contrast to the positive effects of minocycline treatment presented above, a more recent paper reported a lack of neurological improvement and even some toxicity when minocycline or doxycycline were administered to R6/2 mice via the drinking water. 106 In this study, minocycline had no effect on aggregate formation. However, when applied to hippocampal slice cultures derived from R6/2 brains, minocycline was effective at reducing aggregate formation. 106 Possibly, the lack of effect in the mice in vivo was related to the route of administration which was oral in the follow-up study 106 and differed from the intraperitoneal administration used in the initial one 104 Despite the caution expressed in these latter studies on the effects of minocycline in R6/2 mice, minocycline has been recently used in the clinical HD trials. [107] [108] [109] [110] Among these trials, the study on 11 HD patients by Bonelli and colleagues has the longest follow up of 2 years 108 In a preliminary report, the authors suggest that minocycline stabilized general motor, psychological and psychiatric functions in treated HD patients.
INHIBITORS OF APOPTOSIS AS A TARGETING STRATEGY
Although the mechanisms of neuronal injury and death are still unknown in HD, they are thought to include glutamate-mediated excitotoxicity and mitochondrial dysfunction. Both may lead to an increased production of free radicals. Cytochrome C release into the cytoplasm 111 and activation of caspases 1, 3, 8, and 9 [111] [112] [113] were observed in HD patients and animals models, indicating that apoptosis indeed plays an important role in HD pathogenesis. In addition, as mentioned above, the effects of minocycline may be related to inhibition of both caspase-independent and -dependent mitochondrial cell death pathways. 105, 114 The caspase inhibitor, z-VAD-fmk has been used in R6/2 transgenic mice and shown to improve survival and motor function by 12-25% when delivered into the lateral ventricle. 104, 113 Additive effects of YVAD-fmk and DEVDfmk were also observed. When administered intraventricularly, these combination of caspase inhibitors led to a prolonged survival (by 17%) of R6/2 mice. 104, 105 Expression of a dominant-negative caspase 1 mutant in R6/2 mice has also been reported to extend survival and delay the appearance of neuronal inclusion, neurotransmitter receptor alterations, and onset of symptoms, indicating that caspase 1 activation is important for the disease development in R6/2 mice. 113 However, it should be noted that caspase 1 is not directly involved in the apoptotic pathways, but considered to act as a proinflammatory player. 115 In addition, there is no clear evidence of apoptosis in the brains of R6/2 mice. Taken together, the effects of dominant negative caspase 1 in R6/2 mice may not be related to apoptosis. Using the similar strategy, this group also evaluated the role of Bcl-2 family members in the HD pathogenesis. After crossing R6/2 mice with transgenic mice selectively overexpressing Bcl-2 in neurons under the control of neuron-specific enolase promoter, the double-transgenic mice showed significant delay in onset of motor deficits and prolonged life span by 10.3%. 116 Furthermore, in the experiments with administration of z-VAD-fmk and YVAD-fmk, these enzyme inhibitors may also have led to a general reduction in the activity of cellular proteases as they are not caspasespecific at higher concentrations. Therefore, they may have inhibited other signaling pathways than those directly related to caspase-mediated cell death.
Defects in mitochondrial function may contribute to the pathogenesis of HD. Studies with purified mitochondria demonstrated that mutant huntingtin can associate with the outer mitochondrial membrane and directly induce the opening of the mitochondrial permeability transition pore with simultaneous release of cytochrome C. 117 In addition, deficits of mitochondrial complexes I, II, and IV have been observed in the brains of HD patients and animal models. Several drugs that can enhance mitochondrial functions have been tried in clinical trails and animal studies. Coenzyme Q10, a cofactor of the electron transport chain and an antioxidant, significantly decreased cortical lactate concentration in HD patients 118 and protected against striatal lesions induced by the mitochondrial toxins, malonate, and 3-nitropropionic acid. Oral administration of either coenzyme Q10 or remacemide, an NMDA antagonist, to transgenic animals including R6/2 mice can prolong survival by 10 -12%, significantly delay motor deficits, reduce weight loss, and aggregate formation. 119 Furthermore, a combined treatment of coenzyme Q10 with remacemide was shown to have additive effects, promoting the recovery of motor dysfunction, attenuating ventricular enlargement, and increasing the survival of R6/2 mice. 119, 120 Unfortunately, a large clinical trial with chronic treatment of coenzyme Q10 and remacemide hydrochloride showed no significant slowing of functional decline of early stage HD patients with either drugs given alone or in combination. This indicates that studies in R6/2 mice and other animal models of HD may not accurately predict the outcome of clinical trials.
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TARGETING EXCITOTOXICITY WITH DRUG THERAPY IN R6 MICE
The overactivation of NMDA glutamate receptors has long been suggested to cause overexcitation of striatal neurons, ultimately leading to their death in HD. 122 If this is really the case, it is not clear that it is reflected in the phenotype of R6 mice. Decreases in total levels of striatal glutamate and its receptors have been determined in R6/2 mice. 57, 123 In a microdialysis study, however, we have observed increased extracellular levels of glutamate in the striatum following potassium-induced depolarization in 16-week-old R6/1 mice. 45 Those observations are in agreement with other studies indicating that the glial glutamate transporter-1 are reduced in R6 mice, thereby effectively reducing the uptake of synaptically released glutamate. 46 Moreover, electrophysiological studies on the corticostriatal pathway in brain slices prepared from R6/2 mice 44, 124 indicate that there are complex changes in glutamatergic transmission. Taken together, it appears that changes in glutamate could be important in the development of the neurological phenotype in R6 mice, but there is no clear evidence for ongoing excitotoxicity. Interestingly, oral administration of the glutamate antagonist, riluzole, has been reported to increase the survival of mice by 10% and to decrease body weight loss by 17%. However, there were no remarkable effects on motor coordination except for a 29% reduction in early motor hyperactivity. 83 In a follow-up study, oral administration of either MPEP, postsynaptic metabotropic glutamate receptor 5 antagonist, or inhibition of glutamate release by LY379268, a mGluR2 agonist, significantly increased the survival of R6/2 transgenic mice for 2 weeks (10% of life span). 125 These treatments reduced motor hyperactivities at 4 -6 weeks of age and there was an approximate 1-to 2-week delay in the decline in Rotarod performance following both treatment paradigms. Both treatments also resulted in significant increases in the diameter of EM48-positive huntingtin inclusions in the cerebral cortex, with similar trends in the striatum. However, the interpretation of this increase in inclusion size is not clear. In summary, there is evidence that glutamatergic neurotransmission is significantly affected in R6 mice, and that treatments with different glutamate antagonists can affect development of the phenotype, albeit only to a minor degree.
THERAPEUTIC TREATMENTS TARGETING ENERGY METABOLISM AND DIET
There is substantial evidence for bioenergetic defects in HD. Creatine administration increases brain phosphoreatine levels, which stabilizes the mitochondrial permeability transition, prevents ATP depletion and stimulates protein synthesis or reduces protein degradation. In R6/2 transgenic mice, addition of 2% creatine in diet substantially increased survival, delayed development of motor deficits, reduced weight loss, attenuated brain atrophy, and inhibited aggregate formation. 78,126 -128 However, in a pilot clinical trial, after 1 year of creatine intake, there was no clear improvement of functional and cognitive status in HD patients with grades I-III. 129 Alterations in lipid metabolism have been associated with neurodegenerative processes affecting the striatum, and similar changes have also been suggested to occur in R6 mice. This idea was supported by a report in which striatal lipid peroxidation correlated with the progression of neurological phenotypes of R6/1 mice. 130 Essential fatty acids, such as linoleic acids of N-3 and N-6 series, have been shown to exhibit antidyskinetic properties. Therefore, the effects of supplementation of the diet with essential fatty acids have been tested in R6/1 mice, with the special diet given every second day from conception till adulthood. The diet was composed of 48% linoleic acid, 6% ␥-linolenic acid, 5% ␣-lipoic acid, and 3% d-␣-tocopherol acetate. This treatment protected against motor deficits reducing the incidence of "feet clasping" by 50% and completely preventing the reduction of stride length as the R6/1 mice grew older. In addition, the essential fatty acid treatment also extended the survival of treated mice. 131 The mechanism underlying the protective effects of highly unsaturated fatty acids is not well understood. It is known that the lipid constituents of cell membranes play important roles in regulation of neuronal signaling. Although it has been speculated that essential fatty acids may arrest huntingtin aggregation, inhibit histone deacetylase and/or activate the ubiquitinproteosomal system, these hypotheses need further validation. 132 Significant palliative effect of administration of mixtures of unsaturated fatty acid has been suggested to take place in controversial, small clinical trials on HD patients. The patients have been reported to exhibit improvements in motor and cognitive performance after treatment. 133, 134 
ANTI-INFLAMMATORY AGENTS TESTED IN R6 MICE
Inflammatory mechanisms have been implicated in the pathogenesis of HD. Gene array analysis showed increased expressions of genes associated with inflammation in R6/2 mice in 6 -12 weeks of age. 34 As mentioned earlier, R6/2 mice lived longer when they were crossed with transgenic mice with a dominant-negative inhibitor of the proinflammatory cytokine caspase 1 (also known as interleukin 1␤-converting enzyme). 113 Minocycline, which is known to inhibit microglia activation, had also neuroprotective effects in R6/2 mice. Recently, acetylsalicylate or rofecoxib, anti-inflammatory drugs affecting cycloxygenase 1 and 2, respectively, have been orally administered in transgenic mouse HD models. After treatments in the R6/2 mice, both drugs failed to show effects on survival, weight loss, and behavioral abnormalities. 135 However, another anti-inflammatory and antioxidant compound, BN82451, significantly, but transiently, improved Rotarod performance in R6/2 mice when given orally starting before the onset of symptoms. Onset of symptoms was postponed and survival extended for around 2 weeks. 136 Brain atrophy and ventricular enlargement were significantly smaller at treated group, and accompanied by reductions in neuronal intranuclear formations and neuronal atrophy.
The effects of other drugs in R6 mice
There are several drugs that cannot be classified according to a specific type of mechanism of action. In this section, we summarize the effects of such drugs that have been already tested in R6/2 mice.
In vitro experiments have pointed out that hydrophilic bile acids can exhibit neuroprotective effects. Tauroursodeoxycholic acid (TUDCA), for example, reduces mitochondrial membrane perturbation, cytochrome C release and caspase activation. 137, 138 Subcutaneous administration of TUDCA in R6/2 mice after the onset of symptoms reduced striatal atrophy as well as the frequency and average size of huntingtin inclusions. The authors also reported that there was a reduction in the number of TUNEL-positive, apoptotic cells in the striatum. This result is difficult to interpret because the generally accepted view is that there are virtually no apoptotic cells in the striatum of R6 mice. TUDCA treatment was also suggested to improve motor abilities, causing increased locomotion in the open field test and improving the performance in the Rotarod test. 139 Neuroprotective properties of lithium have also been examined in R6/2 mice. Lithium is known to inhibit inositol monophosphatase, thereby reducing phosphatidylinositol synthesis, and to increase expression of the antiapoptotic factor Bcl-2. Lithium has also been suggested to inhibit polyglutamine toxicity via inhibition of glycogen synthetase (GSK-3) and increase in glutamate uptake, therefore preventing excitotoxicity. 140 Lithium was given both to presymptomatic (from about 5 weeks of age), and postsymptomatic (2 days after the appearance of hindlimb grooming) mice. This treatment significantly improved Rotarod performance, but not weight loss and survival, of the mice in the symptomatic group. The effects on neuropathology were not evaluated. In presymptomatic mice, there was a significant decrease in body weight after 3 weeks of treatment and a lack of motor improvements. Lithium, therefore, had rather different effects in R6/2 mice depending on when the drug is given. 141 Ascorbate is an antioxidant vitamin and the levels of extracellular ascorbate in the striatum normally appear to be related to behavioral responses. Extracellular ascorbate is reduced in the striatum of R6/2 mice. 142 When animals were treated with intraperitoneal injections of ascorbate, 4 days per week, from 6 -10 weeks of age, there were significant reductions in stereotypic grooming and an increase in cognitive performance was detected. Unfortunately, the authors did not evaluate whether ascorbate administration had any effects on life span, aggregate formation, and neuropathology of R6/2 mice.
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TROPHIC FACTOR DELIVERY AS AN OPTION
Various neurotrophic factors have been shown to be neuroprotective in the excitotoxic models of HD, typically when administered before injection of the toxin. 144 We recently showed that long-term lentiviral delivery of glial cell line-derived neurotrophic factor (GDNF) into the striatum of R6/2 mice, starting around the onset of motor symptoms, did not significantly affect Rotarod performances, open field behavior or neuropathologic changes. 145 There is growing evidence suggesting that BDNF synthesis and axonal transport are impaired in HD. 146 -149 Wild-type huntingtin up-regulates transcription of BDNF. This beneficial activity of huntingtin is lost when the protein is mutated, resulting in decreased production of BDNF in cortical neurons. 146 A more recent study has demonstrated that neuron restrictive silencer element (NRSE) is the target of wild-type huntingtin activity. Under normal conditions, huntingtin promotes the cytoplasmic sequestering of repressor element-1 transcription factor/neuron restrictive silencer factor (REST/NRSF) in the cytoplasm and prevents the suppression of, e.g., the BDNF promoter. In HD, it is suggested that there is not only a toxic gain-of-function of the mutant protein but also a partial loss-of-function of wild-type huntingtin. In agreement with this concept, a reduced expression of NRSE-controlled neuronal genes, including BDNF, was observed in cellular and animal models of HD, as well as HD patients. 150 Reduction of BDNF protein in the caudate-putamen of HD patients ranges from 53-82%. 146, 151 If R6/1 mice are crossed with ϩ/Ϫ BDNF mice, the offspring that have reduced BDNF levels exhibit more rapid disease progression than regular R6/1 mice. 148 Therefore, increasing BDNF levels by either enhanced endogenous production or exogenous delivery might be viable therapeutic approaches in HD. This hypothesis is supported by a finding that striatal neurons in R6 mice are still responsive to BDNF. Thus, BDNF application to medium-sized spiny neurons in striatal slices prepared from R6/1 and R6/2 mice, significantly reduced GABAergic synaptic currents. 152 Recently, Canals and co-workers 148 have evaluated the effect of BDNF administration on the neurological phenotype of R6/1 mice. Using osmotic mini-pumps, BDNF was infused unilaterally into the striatum of R6/1 mice for 1 week, starting at 20 weeks of age. The treatment increased the immunoreactivity in enkephalinergic neurons by 60% above transgenic controls, without affecting substance P-positive neurons. However, the possible effects of BDNF on striatal atrophy and inclusion formation was not examined in this study. Clearly, it would be interesting to study the effects of long-term BDNF overexpression in R6 mice.
DOES CELL THERAPY WORK IN THE R6 MICE?
Implantation of neural tissue from wild-type donors into the brain of transgenic R6 mice has also been evaluated as a therapeutic approach. Neonatal anterior cingulate cortex from wild-type donors has been grafted homotopically to the cortex of neonatal R6/1 mice. 153 This approach was based on the idea that the cingulate cortex is an important area of the HD pathology and that the transgenic cortex could exert an excitotoxic influence on the striatum. However, the grafts had a minor ameliorative effect on paw clasping and did not affect all the other motor behaviors studied. 153 In another set of experiments, cell suspensions derived from embryonic ganglionic eminence, which contains the cells that normally form the striatum, were grafted into the striatum of 10-week-old R6/2 mice. 154 These mice were already relatively advanced of the disease, and although the grafts survived well, they only had minor beneficial effects in the multiple behavioral parameters that were examined. Because R6 mice have so little striatal and cortical cell loss, one can therefore question whether those mice are good model to test cell replacement strategies for HD.
ENRICHED ENVIRONMENT
Enriched environment and physical activity have been shown to negatively correlate with incidence and progression of several neurological diseases. Mimicking conditions that are closer to the environment existing in the natural wild for rodents has been tested. For example, R6 mice have been housed in cages containing several mice, cardboard tubes and other "toys," as well as food pellets on the cage floor. This type of enriched environment has repeatedly been shown to improve Rotarod performance and paw clasping, and slow the disease progression. 59, 155, 156 Importantly, these beneficial effects were neither due to an increased muscular strength nor to weight gain. Interestingly, the level of enrichment did not influence the observed improvement, because minimal enrichment, consisting only in food supply on the cage floor, and a maximal enrichment including additional components of the dominance hierarchy organization of their social life, led to similar beneficial results. [155] [156] [157] [158] [159] Environmental enrichment is known to enhance synaptic plasticity, promote hippocampal neurogenesis and increase learning performance, which might contribute to the positive effects in R6 mice. In recent follow-up studies, it has been found that environmental stimulation has profound effects on several neuropathological markers in R6 mice. Thus, the enriched environment prevented the loss of striatal volume, increased striatal and hippocampal BDNF content, mitigated the cortical deficit in DARPP-32 159 and delayed the loss of cannabinoid CB1 receptors in the basal ganglia. 157 However, there appear to be no changes in aggregate accumulation 59, 156 and striatal dopamine D1 and D2 receptors 157 after enriched environment in R6 mice.
NEUROGENESIS AS A TARGET
Over recent years, it has become clear that there is neurogenesis in certain regions of the adult brain. The two major areas that exhibit neurogenesis are the dentate gyrus of the hippocampus and the subventricular zone adjacent to the lateral ventricles, with the latter region providing neural precursors that migrate to the olfactory bulb. Increased neurogenesis was recently reported to occur in the subventricular zone adjacent to the caudate nucleus in HD patients. The increase in cell proliferation correlated with the number of CAG repeats and severity of the disease. 160 In contrast, reduced hippocampal cell genesis has been reported both in R6/1 and R6/2 mice, 161, 162 with no evidence of alterations in cell proliferation in the subventricular zone. In a more recent and detailed study in R6/2 mice, we have established that there is indeed a reduction in the number of newborn hippocampal neurons and that this deficit appears already at a presymptomatic stage (Gil, J. M., P. Mohapel, I. M. Araujo, N. Popovic, J. Y. Li, P. Brundin, and A. Petersen, manuscript submitted). We also tested the effects of asialoerythropoetin, a variant of the cytokine erythropoetin that is known to be neuroprotective and promote cell proliferation. 163 Given systemically from 5-12 weeks of age, asialoerythropoetin had no effects on the reduced hippocampal neurogenesis observed in R6/2 mice. The treatment had also no effects on paw clasping and Rotarod performance, weight loss, striatal atrophy, and striatal neuronal atrophy, nor in the number of striatal intranuclear inclusions (Gil, J. M., P. Mohapel, I. M. Araujo, N. Popovic, J. Y. Li, P. Brundin, and A. Petersen, manuscript submitted).
161
PROS AND CONS OF ANIMAL STUDIES AND RELEVANCE TO HUMAN SITUATION
HD is a devastating disease with no cure. As discussed in this review, numerous therapeutic strategies, including drugs, growth factors and even cell grafting, have been tested in animal models of HD. No therapy that has so far been effective in animal models of HD has also shown significant effects in clinical trials in HD patients. Some of the animal studies have also given inconsistent results in the different models. Those differences could be due to particular features of the models used, different doses and routes of delivery, and different assessment protocols. Differences in efficacy of treatments may also depend upon the stages of the diseases at the time when the treatments are administered. Thus, prevention of disease onset might not require that the treatment interferes with the same pathogenetic mechanisms as if it is to cause slowing down of disease progression after the symptoms have already appeared. Regarding the assessment of efficacy, as summarized in Table 1 , there is no general consensus on which assessment(s) should be used as measures of being "effective" to a treatment. Many trials use "length of survival" as a parameter to assess efficacy of treatment. In those studies, however, increased life spans are not necessarily accompanied by improved locomotor activity and motor coordination, which may reflect the quality of the life in human patients. In contrast, some trials use frequency of aggregates/inclusions as an endpoint of the treatments. Treated mice that displayed reduced formation of inclusions have often been found to exhibit longer survival and improvement in behavioral tests. However, there are also therapeutic studies in R6 mice where there was functional improvement, but no effect of aggregates/inclusions formation.
This questions the importance of the aggregates in the development of symptoms in R6 mice, and by extension even in HD patients.
The need for good animal models and that scientists study relevant parameters in these models cannot be overemphasized. Several transgenic and knock-in models of HD are available (for the knock-in models, see Menalled in this issue 164 ), the most widely used one is the R6/2 mouse. Each mouse model is unique and can only partially mimic the HD phenotype as seen in humans. Obviously, due to the major differences in the normal behavioral repertoire of rodents and humans, major differences in symptoms between transgenic mice and patients with HD are to be expected. In addition, the neuropathological features seen in mice and man, such as aggregate formation, cell death, transmitter changes, alterations in neurogenesis, are at best analogous. It is important to know the detailed phenotypic features of a given mouse model before choosing it for a drug trial. Is the pathogenic feature that one is planning to study even present in the model? Can the drug be given at a time point when it is still possible to affect the pathogenic event? These issues may seem self-evident, but there are still many examples of where the experimental trial design has not taken them into account. For example, if a tested drug is supposed to affect huntingtin processing and cleavage, animals that only express N-terminal region of huntingtin, such as, the R6 lines, may not be optimal. Instead, transgenic or knock-in mice expressing full-length huntingtin may be better. 165, 166 If inhibition of cell death is the main target, then examining cell numbers in the striatum and cortex of R6 mice seems to make little sense. Interestingly, the recent finding that orexin neurons gradually die in the lateral hypothalamus of the R6/2 mouse, and are lost in the end stage HD patients 26 means that we now have a novel and highly clinically relevant outcome parameter to study in therapeutic trials in R6/2 mice. The loss of orexin neurons is progressive, can easily be quantified, and is correlated with the appearance of narcoleptic sleep episodes. It will be interesting to see whether some of the drugs that have been reported to be beneficial in R6/2 mice also affect the survival of orexin neurons.
